Coordinated global efforts to prevent and control malaria have been a tour-de-force for public health, but success appears to have reached a plateau in many parts of the world. While this is a multifaceted problem, policy strategies have largely ignored genetic variations in humans as a factor that influences both selection and dosing of antimalarial drugs. This includes attempts to decrease toxicity, increase effectiveness and reduce the development of drug resistance, thereby lowering health care costs. We review the potential hurdles to developing and implementing pharmacogenetic-guided policies at a national or regional scale for the treatment of uncomplicated falciparum malaria. We also consider current knowledge on some component drugs of artemisinin combination therapies and ways to increase our understanding of host genetics, with the goal of guiding policy decisions for drug selection.
Introduction
Renewed efforts to control and eliminate malaria are making advances using the current generation of tools: long-lasting insecticide treated nets, artemisinin combination therapies (ACTs) and indoor residual spraying. Despite gains made by bednets and spraying, malaria control and elimination efforts will continue to rely heavily on chemotherapy and, in particular, ACTs.
Currently, the World Health Organization (WHO) endorses four ACT combinations for uncomplicated falciparum malaria in non-pregnant adults (Table 1) . 1 In 2001, WHO recommended the use of ACTs due to high efficacy rates and potential to reduce the development of resistance. 2 By 2009, 88 countries, including every country in Africa, had resistant simultaneously to two drugs with unrelated modes of action. 4 With this in mind, the artemisinins are particularly good partner drugs for other antimalarials as they eliminate parasites rapidly from the blood and thereby limit the number of parasites exposed to the longer acting partner drug.
An example of host genetics
The success of drug therapy is dependent upon many contributing factors including adherence to prescribed therapy, incorrect or suboptimal dosing, general health status and interactions with other drugs. Another crucial aspect of the lack of effectiveness (often due to low drug levels) and tolerability (often due to high drug levels) of chemotherapy is the way individuals metabolize the drug. Although the widespread use of modern antimalarials began in the 1940s, there was limited data about the absorption-distribution-metabolism-excretion parameters of antimalarials in humans until about 20 years ago.
The use of primaquine in the 1950s highlights the importance of pharmacogenetics for antimalarials, as severe reactions to the drug led to the discovery of glucose-6-phosphate dehydrogenase (G6PD) deficiency in 1956. 5, 6 The genetic variants among people with G6PD still confound our ability to develop effective antimalarials, illustrated by the withdrawal of the drug Lapdap® (chlorproguanil/dapsone) in 2008. 7 This deficiency remains a cause for concern as primaquine is used widely for terminal prophylaxis and to decrease transmission intensity by limiting reproduction of the malaria parasites. and associated with in vivo resistance to artemisinin partner drugs mefloquine, lumefantrine, amodiaquine and chlorproguanil. [8] [9] [10] [11] [12] [13] [14] [15] [16] In addition to parasite genetics, host genetics can valuably inform national drug policy decisions for first-line antimalarials.
Selection of ACTs
New pharmacology data available for modern antimalarials has helped to identify the major metabolic pathways and to identify human genetic variations that affect the ability to metabolize these agents (Table 2 ). Beyond the case of G6PD, there remain numerous questions about the role that pharmacogenetics can play to predict adverse drug reactions to antimalarials. Clearly, point-of-care testing for genetic variations such as CYP2C8 in the developing world is far from a reality. However, it is possible that pharmacogenetics could help inform drug formulary decisions on a regional or national scale.
Currently, national malaria control programmes select the most appropriate drugs for use in the respective country based upon costs, in vitro P. falciparum resistance patterns and the risk of adverse drug reactions. There has been very little attention paid to host genetics and their potential to affect major formulary decisions by decreasing the toxicity, increasing the efficacy and improving the time in the therapeutic range to combat resistance. This is especially important when ministries of health, national medicines review authorities or national malaria control programmes must choose between seemingly equal drugs without the aid of comprehensive local pharmacogenetic data ( Fig. 1 & Fig. 2 ). Importantly, knowledge of genetic differences in populations could reduce costs by decreasing adverse events and increasing efficacy of drugs.
This paper looks at drugs commonly used as part of ACTs to treat uncomplicated falciparum malaria in adults and provides specific examples of how genetics may affect drug efficacy and toxicity at a population level. It does not serve as an exhaustive review of all relationships between host genetics and antimalarial drugs. Several high-quality comprehensive reviews have been done elsewhere. 17, 18 
Genetics to guide drug policy
The case of amodiaquine
The antimalarial amodiaquine is generally well tolerated, but its use in primarily Caucasian populations in the 1980s and 1990s discovered an unacceptable level of agranulocytosis (1:2100 with a case fatality rate of 1:31 000) and hepatotoxicity (1:15 600). [19] [20] [21] WHO removed amodiaquine from the Essential Medicines List due to the discovery of these toxicities, but it was added back on the list in the late 1990s as alternative drugs began to show increasing resistance.
Recent evidence points to frequent mild adverse events caused by amodiaquine. A trial in 15 subjects in Africa evaluating the pharmacokinetics of amodiaquine and the combination of amodiaquine and artesunate revealed the common adverse events of hepatotoxicity and leucopenia after just two doses given three weeks apart. 22 People with genotypes CYP2C8, CYP1A1 and CYP1B1 have been found to have immunogenic adverse reactions to amodiaquine. [23] [24] [25] [26] [27] [28] Wide variations in the CYP2C8 genotype mean that individuals experience broad differences in the drug's efficacy and toxicity. Evidence suggests that decreased function of the CYP2C8 enzyme impairs metabolism of the drug and can form a toxic metabolite that causes hepatotoxicity and agranulocytosis. Two more common CYP2C8 variants, CYP2C8*2 and *3, decrease the metabolizing ability of CYP2C8 as evidenced by reduced clearance of the anticancer drug paclitaxel and arachidonic acid respectively. 29, 30 In fact, CYP2C8*3 displays no detectable metabolizing ability in vitro. 30 In a study by Parikh et al., 275 subjects with malaria from Burkina Faso were evaluated for amodiaquine metabolism. 30 The subjects with the CYP2C8*2 genotype (more common African variant) experienced more abdominal pain than subjects with the wild-type (i.e. the normal, non-mutated gene) (52% versus 30%, P < 0.01). 30 Other adverse effects did not differ. 30 However, as in many pharmacogenetic studies, this study used a rather small sample to evaluate rare toxicities and did not test for liver function change as a marker for hepatotoxicity or pharmacokinetic changes to test for drug concentrations or toxic intermediates. Studies in Publication: Bulletin of the World Health Organization; Type: Policy & practice Article ID: BLT.11.087320
Burkina Faso and Ghana have not revealed a relationship between drug efficacy and CYP2C8 genotype. 30, 31 While the percentage of the population with an inactivating CYP2C8 variant is not high in most malaria-endemic regions, the overall incidence of risk is significant due to the burden of disease. For example, Cavaco et al. estimated that the CYP2C8*2 and CYP2C8*3 occur in 2.1%
of the population in Zanzibar, United Republic of Tanzania: this translates into more than 30 000 patients per year at risk for severe drug reactions to amodiaquine (of a malaria patient population of ~1 000 000).
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Ghana example
In Ghana, with a total population of more than 25 million, 5 270 108 cases of malaria were documented in 2007. The majority of these cases were likely treated with artesunate plus amodiaquine, the first-line treatment of choice on the Ghanaian Essential Medicines List. 33 Based on 1.5% incidence of the population as low metabolizers of CYP2C8, almost 80 000
(79 052) of these malaria cases would have occurred in low metabolizers ( Fig. 1 & Fig. 2 ).
Collecting data on adverse drug reactions and their cost is the best way to evaluate amodiaquinerelated adverse effects. Without pharmacovigilance and cost data to model the medical costs associated with potential adverse drug reactions among these low metabolizers, giving this drug combination to 79 000 low metabolizers each year wastes an estimated 0.57 United States dollars per treatment course (average cost per treatment ranges from US$ 0.57-0.88), a total of approximately US$ 45 000.
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The known literature on the CYP2C8 allele (gene) frequencies reveals a lack of data in malaria-endemic Africa but, in those African countries with data, there is a higher frequency than in American Caucasians ( Fig. 1 & Fig. 2 and Table 2 ). With the Ghana example showing a loss of more than US$ 45 000, the national control programme or national medicines review authority could choose an alternative from the three first-line antimalarial combinations to treat malaria.
Artemisinins
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The artemisinins as a group differ in the routes they take in the human body to convert to the major active metabolite, dihydroartemisinin (DHA). Artesunate undergoes rapid and extensive conversion via CYP2A6 and to a lesser extent by CYP2B6 and CYP1A1 and CYP1A2. 35 Almost 40 gene forms for CYP2A6 have been identified; at least 13 of these show decreased metabolizing function and five show no activity in vivo. 36 The major antimalarial activity of artesunate is performed by DHA. 37 People with poorly functioning CYP2A6 will have higher concentrations of artesunate and lower concentrations of DHA. This could reduce the drug's antimalarial activity, kill fewer parasites and increase the potential for artesunate resistance.
Malaria endemicity is high in many areas of sub-Saharan Africa, such as Ghana. In contrast, in the Sabah region of Malaysia (which has the highest endemicity for malaria in this region) the burden of disease is considerably less than in Ghana. Almost two thirds of a
Ghanaian population exhibited the wild-type genotype of CYP2A6 with more than 80% allele frequency of CYP2A6*1A. 38 In contrast, a Malaysian population had an observed frequency for wild-type genotype of only 8% and an allele frequency for CYP2A6*1A of approximately 32%. 39 With wild-type responsible for the majority of Ghanaian CYP2A6 activity, artesunate conversion to DHA and antimalarial activity is expected to be normal. In the Malaysian population with a low wild-type genotype frequency, CYP2A6 activity is decreased, the conversion to DHA decreased, and the antimalarial activity of artesunate may be compromised.
Studies in other Asian populations also reveal a high frequency of non-wildtype alleles and an especially high frequency of the alleles that translate to no CYP2A6 activity (11.5-20 .1% for Japanese, Chinese, Korean and Thai people) 38 Resistance to artemisinin-based therapies is emerging in Thailand and approaches 10% in some areas. 40 While not established, a potential contributor to artemisinin resistance in Thailand may be related to CYP2A6 activity (at least 14% frequency of the CYP2A6 alleles with no activity) and the ability to convert artesunate to DHA. 41 What next?
Our understanding of the host factors contributing to the effectiveness of antimalarials is still in its infancy. As a community we need to determine ways to enhance our ability to study the pharmacokinetics and pharmacogenetics of antimalarials to help decrease the burden imposed by drug toxicity and to help protect their longevity. We can do this in three main ways:
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(ii) increasing the generation of human genetic data and (iii) enhancing the infrastructure for pharmacogenetic research of antimalarial use in endemic countries.
Integrating research
Much of the data concerning the pharmacogenetics of antimalarials is derived from small and under-powered studies conducted in a retrospective manner. In particular, we are lacking significant data for some ACT partner drugs, such as sulfadoxine-pyrimethamine and lumefantrine. A resurgent interest in the pharmacology and pharmacokinetics of antimalarials in the malaria drug resistance community has spurred the development of another potential new resource for gathering pharmacogenetic data. As part of the Worldwide Antimalarial Resistance
Network, a module has been developed to improve the quality of antimalarial pharmacology data generated, to use the new information to define drug resistance and to inform optimal dosing schedules. The goal is to facilitate global cooperation between groups active in the antimalarial pharmacology field (available at: http://www.wwarn.org). Pharmacology researchers, especially pharmacokinetic researchers, of antimalarials should obtain informed consent from study participants to allow for use of their samples for collaborative pharmacogenetic analysis, either prospectively or in future retrospective analyses.
Generating data
Another potential resource for increasing our understanding of the pharmacogenetics of antimalarials are national control programmes, and the researchers and funding agencies associated with these programmes. During in vivo monitoring and efficacy studies carried out by these groups, samples obtained as dried blood spots are often collected and stored. The amount of DNA collected in these samples would not allow for assessment of a large number of genetic variations but it could allow for targeted testing of a small number that are vetted in strong pharmacogenetic studies. The key would be to encourage these groups to obtain consent from patients for retrospective human DNA testing. For example, considering the four first-line treatments, blood spots could provide a way to use pharmacogenetics to prioritize pharmacotherapy based on genetic differences within a defined population and to evaluate CYP2C8 genetics. Since amodiaquine requires CYP2C8 for metabolism to an active agent, Publication: Bulletin of the World Health Organization; Type: Policy & practice Article ID: BLT.11.087320 national control programmes or the national medicines review authorities could use genotype frequencies in that population to determine the priority of a regimen containing amodiaquine.
Enhanced infrastructure
Ethnic variability is known for its association with antimalarial metabolism, but genetic data is missing for much of the world's population. An increasing number of resources and efforts have been put into place to help with gathering information about the genetic make-up of different ethnic groups. In malaria-endemic areas, there are no pharmacogenetics organizations, such as the National Institute of Genomic Medicine (INMEGEN) in Mexico, to evaluate population genetic differences. However, the ideas explored in the white paper, Harnessing genomic technologies towards improving health in Africa, detail the systematic process for improving the research infrastructure in Africa. 42 There is a strong need for genetic research in Africa. The overarching needs are for infrastructure, education and training, disease related research and a comprehensive and continued focus on ethical, legal and social issues. To address the need the Human Health and Heredity in Africa Initiative aims to integrate pharmacogenetics in select national formularies in Africa.
In the meantime, to address the gap in knowledge and need for resources to evaluate genetic differences in developing countries, the Pharmacogenetics for Every Nation Initiative (PGENI) plans to sample 500 people from every ethnic group that represents 10% or more of the population in 104 developing countries. 25, 43 To avoid any conflicts of interest, PGENI declines funding from any drug manufacturers. PGENI aims to start the development of basic genetic knowledge in traditionally underserved environments. With the generation of medication prioritization algorithms for diseases of global importance, PGENI produces country-specific, genetically-enhanced treatment algorithms for diseases such as malaria. Using known genetic information and the WHO recommended treatment for uncomplicated malaria, a prioritization algorithm includes entry points where pharmacogenetics may augment decision-making, such as for CYP2C8 and CYP2A6 polymorphism frequencies when evaluating the use of amodiaquine and artesunate respectively. When considering local parasite resistance and drug costs, the pharmacogenetically-enhanced, medical decision-making algorithm becomes a practical Publication: Bulletin of the World Health Organization; Type: Policy & practice Article ID: BLT.11.087320 mechanism for weighing the options for formulary inclusion or exclusion by national medicines review authorities or national control programmes.
Countries such as the United Kingdom and the United States of America have made tremendous investments in research towards genomic medicine. However, in parts of the world where national health expenditures are as low as US$ 30 a day, the investment in genomic research has been extremely low. 44 Importantly however, some malaria-endemic countries such as India, Thailand and South Africa have begun to invest in large-scale studies of human genomic variation. 45, 46 In addition, smaller projects, such as the DNA data bank in the Gambia and a biobank and pharmacogenetics database in Harare, Zimbabwe, are emerging and may be able to provide valuable data to inform national control programmes and medicines review authorities.
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Make it practical
While research is necessary to develop an objective strategy, individualized antimalarial therapy based on genetics will not be practical in most endemic countries for decades. However, that
should not prevent the application of pharmacogenetic knowledge in public policy decisions. Just decreased drug toxicity. This should help to populate a map of pharmacogenetic data to guide national formulary decision-making by using existing samples, data and processes.
Conclusion
To accomplish the considerable goal of developing pharmacogenetically-informed drug policies, there is a need for strong collaboration between parasitologists studying parasite resistance, public health officials from control programmes and researchers identifying genetic causes of differences in drug toxicity and efficacy. The African Medicines Regulatory Harmonization
Initiative will provide a regional regulatory process and may allow improvements not only at the national but regional level. 49 These collaborations, in conjunction with others investigating new drug entities, may help to affect the delivery of care to real patients in malaria-endemic regions.
The work to create collaborations and to develop systems that allow for sampling large populations to establish a map of genetic differences will not be easy, but it is certainly worthwhile to include pharmacogenetics information when considering the data and defining the limited number of drugs that will be available to a population.
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